The structural features in GLUT4 that confer selective binding and inhibition by HIV protease inhibitors (PIs) are unknown. Results: Substitution of amino acid residues in transmembrane helices 1 and 5 between GLUTs 1 and 4 alters indinavir binding and effects on transport activity. Conclusion: Thr-30 and His-160 hinder the binding of PIs to GLUT1. Significance: These data provide a means to design isoform-selective GLUT antagonists.
Pharmacologic HIV protease inhibitors (PIs) and structurally related oligopeptides are known to reversibly bind and inactivate the insulin-responsive facilitative glucose transporter 4 (GLUT4). Several PIs exhibit isoform selectivity with little effect on GLUT1. The ability to target individual GLUT isoforms in an acute and reversible manner provides novel means both to investigate the contribution of individual GLUTs to health and disease and to develop targeted treatment of glucose-dependent diseases. To determine the molecular basis of transport inhibition, a series of chimeric proteins containing transmembrane and cytosolic domains from GLUT1 and GLUT4 and/or point mutations were generated and expressed in HEK293 cells. Structural integrity was confirmed via measurement of N-[2-[2-[2-[(N-biotinylcaproylamino)ethoxy)ethoxyl]-4-[2-(trifluoromethyl)-3H-diazirin-3-yl]benzoyl]-1,3-bis(mannopyranosyl-4-yloxy)-2-propylamine (ATB-BMPA) labeling of the chimeric proteins in low density microsome fractions isolated from stably transfected 293 cells. Functional integrity was
assessed via measurement of zero-trans 2-deoxyglucose (2-DOG) uptake. ATB-BMPA labeling studies and 2-DOG uptake revealed that transmembrane helices 1 and 5 contain amino acid residues that influence inhibitor access to the transporter binding domain. Substitution of Thr-30 and His-160 in GLUT1 to the corresponding positions in GLUT4 is sufficient to completely transform GLUT1 into GLUT4 with respect to indinavir inhibition of 2-DOG uptake and ATB-BMPA binding. These data provide a structural basis for the selectivity of PIs toward GLUT4 over GLUT1 that can be used in ongoing novel drug design.
Facilitative glucose transport in mammalian cells is mediated by the SLC2A family of tissue-specific membrane glycoproteins (glucose transporters (GLUTs)). 2 The erythrocyte transporter GLUT1, which is ubiquitously expressed and generally serves to mediate basal glucose transport, is the most extensively characterized GLUT (1) . Regulation of the insulin-responsive facilitative glucose transporter GLUT4 has been intensively studied in relation to the pathophysiology of type 2 diabetes mellitus (2) . Although collectively the GLUT proteins share less than 40% sequence identity, all are predicted to share similar membrane topologies with high homology within putative TM domains. Despite the cloning of GLUTs over a quarter century ago, a full understanding of the molecular mechanisms responsible for the function of these important TM proteins has remained elusive. GLUT structure has been inferred by a number of mutagenesis and labeling studies, but to date, no crystal structure is available for any of the GLUTs. Each of the GLUTs is predicted to contain 12 TM ␣-helices with both the amino and carboxyl termini within the cytoplasm (3) .
The HIV protease inhibitor (PI) indinavir is known to acutely inhibit GLUT4 activity via reversible binding to the endofacial surface of the transporter (4, 5) . Although indinavir acts as an antagonist of GLUT4 at therapeutically relevant drug levels (5-10 M) , within this concentration range, the drug has little effect on GLUT1 activity (6) . In addition to providing insight into the etiology of insulin resistance in HIV-infected patients receiving this class of drugs (7) and assisting in the development of safer PIs (8) , the selectivity of indinavir as a GLUT4 antagonist over GLUT1 has been used to determine the relative activity of these transporter isoforms in insulin-responsive tissues (9) .
Subsequent studies have revealed that PIs have differing affinities for GLUT1 and GLUT4 (5) with many of the newer agents having minimal effect on glucose transport (8, 10) . Recognition that all first generation PIs contain a peptidomimetic core structure led to our identification of several hydrophobic oligopeptides exhibiting similar selectivity and potency as GLUT4 antagonists (11) . The unique structural features present in GLUT4 that confer susceptibility to binding and inactivation by indinavir, however, remain unknown.
The membrane-impermeant bismannose-containing photolabel N- [2-[2-[2-[(N-biotinylcaproylamino) ethoxy)ethoxyl]-4-[2-(trifluoromethyl)-3H-diazirin-3-yl]benzoyl]-1,3-bis(mannopyranosyl-4-yloxy)-2-propylamine (ATB-BMPA) can inhibit sugar transport by binding to the glucose binding site accessed from the exofacial side and has been extensively used to quantify cell surface levels of the GLUT proteins (12) . Our laboratory has recently demonstrated that ATB-BMPA can also be used to label GLUTs in low density microsomes (LDMs) where the transporter orientation is inverted relative to that found in the plasma membrane (PM) (13) . Chimeric glucose transporters in which structural domains from different GLUTs are interchanged have been shown previously to maintain structural and functional activity (14 -16) . Because several PIs including indinavir selectively inactivate GLUT4 over GLUT1, we hypothesized that the generation of GLUT1/GLUT4 chimeric transporters would assist efforts to identify the PI binding site in GLUT4. Here we report evidence for the involvement of Thr-30 in TM helix 1 and His-160 in TM helix 5 as amino acid residues important in hindering the susceptibility of GLUT1 to inhibition by PIs.
EXPERIMENTAL PROCEDURES
Materials-2-Deoxy[ 3 H]glucose, cytochalasin B (CB), and all oligonucleotides were purchased from Sigma. Crixivan (indinavir) was obtained from Merck. Oxybenzylcarbonyl-His-Phe-Phe-O-ethyl ester (Z-HFFe) was purchased from Bachem (King of Prussia, PA). Z-HFF-Bpa-Ahx-Ahx-DYDDDDK (HR-1) where Bpa is p-benzoyl-L-phenylalanine and Ahx is aminohexanoic acid was synthesized by Anaspec (San Jose, CA). 3T3-L1 fibroblasts and HEK293 cells were acquired from the American Type Culture Collection. 293GPG packaging cells were a kind gift from Dan Ory (Washington University, St. Louis, MO). PEG-biotin cap-ATB-BMPA was purchased from Toronto Research Chemicals, Inc. (Ontario, Canada). GLUT1 polyclonal antibody directed against the carboxyl terminus was a kind gift from Mike Mueckler (Washington University, St. Louis, MO). GLUT4 antibody was custom produced by Invitrogen using a peptide corresponding to the 16 carboxyl-terminal residues of GLUT4.
Construction of GLUT1/GLUT4 Chimeras-CH 1-444, CH 4-111, 14-half CH, and 41-half CH chimeric transporters were made using established polymerase chain reaction (PCR) methodologies. A Myc tag sequence (AEEQKLISEEDLLK) was incorporated into the first exofacial domain of both rat GLUT1 (after Ile-56) and rat GLUT4 (after Pro-60), and a six-histidine sequence was inserted at the extreme carboxyl terminus of both transporters using a PCR-based gene assembly approach. PCR products were gel-purified, cloned into a TOPO TA cloning vector, and sequence-verified. Myc-GLUT1-His and Myc-GLUT4-His were then used as templates to generate glucose transporter fragments by PCR. The PCR products were gelpurified and combined in an equal molar ratio with a set of "band-aid" primers to generate a template mixture. Each bandaid primer consists of ϳ40 bases. Half of it anneals to the 3Ј-end of one GLUT fragment, and the other half anneals to the 5Ј-end of a second fragment to be assembled together. An amino terminus-specific forward primer and a carboxyl terminus-specific reverse primer were used at 10 pmol/50-l reaction to assemble each chimera. To aid in downstream cloning, vectorspecific restriction sites were inserted into these primers. Myc-GLUT1-His, Myc-GLUT4-His, and the chimeric transporters were then subcloned into the retroviral mammalian expression vector ⌬U3nlsLacZ (17) . The exchange of a single helical or linker domain from one GLUT isoform to another was carried out using a two-stage PCR procedure (18) based on the QuikChange site-directed mutagenesis protocol from Agilent Technologies (La Jolla, CA). All chimeras were completely sequenced. A QuikChange II XL site-directed mutagenesis kit (Agilent Technologies) was used to correct any uncovered point mutations and to generate Myc-GLUT-His point mutants.
293GPG Packaging Cell Transfection and Retroviral Infection-293GPG cells were plated in 60-mm dishes in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 100 IU/ml penicillin, 0.1 mg/ml streptomycin, 1 g/ml tetracycline, 2 g/ml puromycin, and 0.3 mg/ml geneticin. Cells at 30 -50% confluence were transiently transfected with 2 g of Myc-GLUT-His/ ⌬U3nlsLacZ DNA using Optifect reagent (Invitrogen). After 24 h, the transfection medium was replaced with 4 ml of growth medium (DMEM containing 10% FBS, 2 mM glutamine, 100 IU/ml penicillin, and 0.1 mg/ml streptomycin). 48 h later, virus was harvested and used to infect a 10-cm plate of HEK293 cells (30 -50% confluent) using the following procedure. 2 ml of fresh growth medium was mixed in a 15-ml conical tube with 6 l of the cationic polymer Polybrene (10 mg/ml) and 2 ml of medium harvested from the virus-producing 293GPG cells. Medium was removed from the HEK293 cells and replaced with the 4 ml of medium from the conical tube. 24 h postinfection, the virus-containing medium was replaced with 9 ml of fresh growth medium. Expression of Myc-GLUT-His protein was subsequently tested by immunoblot analysis using a c-Myc (9E10) antibody (Santa Cruz Biotechnology).
2-Deoxyglucose Uptake Measurements in HEK293 Cells-HEK293 cells overexpressing Myc-GLUT-His constructs were grown to confluence in growth medium. The uptake of 2-deoxy[ 3 H]glucose (50 M) was measured in Krebs-Ringer phosphate buffer for 6 min at 37°C as described previously (19) . Indinavir (50 M), Z-HFFe (100 M), HR-1 (100 M), and CB (20 M) were added 6 min prior to the start of the reaction.
Isolation of Low Density Microsomes-3T3-L1 fibroblasts were differentiated into adipocytes as described previously (19) . LDMs were obtained from fully differentiated adipocytes as reported previously (20) . The same procedure was used to isolate LDMs from HEK293 cells.
Photolabeling of LDMs-Inhibitors were added to LDMs (200 -400 g) for 10 min at room temperature. Samples (final volume, 110 l) were then incubated for 10 min at room tem-perature with biotinylated ATB-BMPA (50 M final concentration) or HR-1 (2.5 M final concentration) and then placed on ice prior to UV irradiation. Reactions were transferred to a 24-well low protein retention culture dish (Costar, Corning, NY) and then irradiated at room temperature 5 cm from a Green Spot UV lamp for 1 min (30 s of light followed by 30 s of darkness followed by 30 s of light).
Isolation and Quantification of Labeled GLUT1 and GLUT4 Proteins from LDMs of 3T3-L1 Adipocytes-20 l of bovine serum albumin (1.5 mg/ml final concentration) was added to the UV-irradiated samples in a siliconized Eppendorf tube. Excess biotinylated ATB-BMPA label or FLAG-tagged HR-1 was removed using a 0.5-ml Zeba spin desalting column (Pierce). Membranes were solubilized for 30 min at 4°C with 2% Thesit detergent in 25 mM phosphate and 100 mM NaCl, pH 7.4 buffer containing protease inhibitors followed by the removal of insoluble material by centrifugation at 16,000 ϫ g for 10 min. Biotinylated and FLAG-tagged proteins were isolated from the Thesit-solubilized LDMs using either 50 l of high capacity streptavidin-agarose resin (Pierce) or 50 l of ␣-FLAG affinity gel (Sigma), respectively. Proteins were eluted from the washed resin with 2ϫ Laemmli sample buffer. To remove the biotinylated proteins from the streptavidin resin, Laemmli buffer samples were heated at 95°C for 20 min. Eluted proteins were analyzed by immunoblot analysis using GLUT1and GLUT4-specific antibodies and quantified using an Odyssey infrared imaging system (LI-COR Biosciences, Lincoln, NE).
Isolation of Myc-GLUT-His Proteins and Quantification of the Amount of Transporter Labeled with ATB-BMPA-LDMs from HEK293 cells overexpressing Myc-GLUT-His transporters were UV-irradiated with biotinylated ATB-BMPA and solubilized with Thesit detergent buffer exactly as described above for the 3T3-L1 adipocytes. Myc-GLUT-His proteins were isolated from the solubilized LDMs using 50 l of Protein G Plusagarose (Pierce) precoupled with 5 g of c-Myc (9E10) antibody (Santa Cruz Biotechnology). Immunoprecipitates were analyzed by immunoblot analysis using fluorescently labeled streptavidin (LI-COR Biosciences) and a GLUT-specific antibody and then quantified using the Odyssey infrared imaging system. The ratio of streptavidin to GLUT protein represents the fraction of immunoprecipitated Myc-GLUT-His protein labeled with biotinylated ATB-BMPA.
Modeling of Indinavir Binding to GLUT4-GLUT4 models are based on sequence alignments with major facilitator superfamily transporters XylE (Protein Data Bank code 4GBZ) for the outward open conformation and Staphylococcus epidermidis glucose/H ϩ symporter (Protein Data Bank code 4LDS) for the inward open conformation using Clustal⍀ (21) and PFAAT (22) . A homology model of the TM helices was done using Molecular Operating Environment (MOE 2013.08) (Chemical Computing Group Inc., Montreal, Canada). The structure of helix 1 is taken from Protein Data Bank code 4GBZ for both conformations because Protein Data Bank code 4LDS shows a significant bend allowed by the shorter construct used. The helix is expected to be straighter in GLUT4 with a longer terminal tail. The loops were modeled separately based on the same two template structures. All modeling was done in a phos-pholipid bilayer, and the final structures were refined using the AMBER99SB force field. Indinavir was docked to GLUT4 modeled structures using AutoDock Vina (23) and visualized using PyMOL Molecular Graphics System Version 1.5.0.4 (Schrödinger, LLC.)
Statistical Analysis-ATB-BMPA binding and 2-deoxyglucose (2-DOG) uptake data were analyzed for statistical significance using analysis of variance with the Bonferroni correction for multiple comparisons (p Ͻ 0.05).
RESULTS
Peptide Inhibition of Glucose Transport Activity-Indinavir, like all first generation HIV protease inhibitors, contains a core peptidomimetic structure with flanking hydrophobic moieties. We have shown previously that the peptide Z-HFFe, similar to indinavir, acts as a potent noncompetitive inhibitor of zerotrans GLUT4-mediated glucose transport but has little effect on GLUT1 transporter activity (11) . Furthermore, a structurally related photoactivatable peptide, Z-HFF-Bpa-125 I-Tyr-Oethyl ester, selectively labeled GLUT4 in rat adipocytes in an indinavir-inhibitable manner (11) . To facilitate identification of the peptide binding site in GLUT4, HR-1, a modified form of Z-HFF-Bpa-125 I-Tyr-O-ethyl ester in which the radioactive label is replaced by two Ahx spacer linkages and a FLAG epitope, was created. To test the ability of HR-1, Z-HFFe, and CB to antagonize glucose transport in HEK293 cells stably overexpressing rat GLUT4, 2-DOG uptake was measured in the presence of these compounds and DMSO/ethanol (vehicles). Z-HFFe and CB but not HR-1 inhibited 2-DOG uptake compared with the vehicle controls ( Fig. 1) .
ATB-BMPA Labeling at the Endofacial Side of GLUT4-Extensive analysis of the kinetics of glucose transport has largely supported an alternating conformation model in which the glucose binding site cannot be simultaneously accessed from both sides of the plasma membrane (24, 25) . Thus, the ability of indinavir to act as a noncompetitive inhibitor of zero-trans 2-DOG uptake (6) does not exclude the possibility that this drug acts as a competitive inhibitor of glucose binding at the endofacial/cytoplasmic transporter surface. We recently developed an ATB-BMPA photolabel binding assay that allows targeting of the glucose binding site of GLUTs from the cytoplasmic side (5) . In this assay, LDMs prepared from 3T3-L1 adipocytes contain small intracellular vesicles of GLUT4 and GLUT1 in which the transporter orientation is inverted relative to that found in the PM. Immunoprecipitation of greater than 70% of the GLUT4-containing vesicles using an antibody that recognized the cytoplasmic GLUT4 carboxyl terminus confirmed the transporter membrane orientation. ATB-BMPA, however, has been reported to be an exofacial photolabel that presumably cannot label the transporter from the endofacial side (26) . To address whether ATB-BMPA can in fact label glucose transporters from the cytoplasmic side, we carried out a photolabeling experiment using LDMs isolated from two different HEK293 cell lines, each overexpressing a GLUT4 mutant transporter containing a single amino acid substitution reported previously to lock the transporter in an inward facing conformation (27, 28) . Specifically, when Glu-409 in GLUT4 was changed to Asp (28) and Pro-385 in GLUT1 was changed to a nonflexible amino acid (27) , the resulting transporters possessed negligible transport activity and exofacial ATB-BMPA labeling but still had preserved CB binding (27, 28) . In our study, robust ATB-BMPA labeling of GLUT4 E409D and GLUT4 P401L (corresponding to P385L in GLUT1) in LDMs was observed, and this labeling was inhibited by both indinavir and D-glucose ( Fig. 2) . Interestingly, CB strongly inhibits ATB-BMPA labeling of E409D but only weakly inhibits the labeling of P401L. These results clearly demonstrate that ATB-BMPA can label glucose transporters from the cytoplasmic side.
Inhibition of ATB-BMPA Photolabeling by HR-1-Previously we have shown that indinavir inhibits ATB-BMPA labeling of GLUT4 and GLUT1 with IC 50 values of 20.7 and 178 M, respectively (5) . In addition, Scatchard binding analysis reveals that indinavir acts as a competitive inhibitor of ATB-BMPA, binding to GLUT4 in isolated LDMs with a K i of 8.2 M. If the Z-HFFe peptides similarly target GLUT4, these compounds would have to cross the PM to gain access to the transporter binding site. The inability of HR-1 to inhibit zero-trans 2-DOG uptake ( Fig. 1 ) could, therefore, be due to the membrane-impermeant nature of HR-1 arising from the charged amino acid residues of the FLAG tag. To test for HR-1 binding to the endofacial transporter surface, we measured the effect of HR-1 on ATB-BMPA photolabeling of GLUT1 and GLUT4 in LDMs prepared from 3T3-L1 adipocytes. In comparison with indinavir, HR-1 is actually a more potent and specific inhibitor of ATB-BMPA labeling of GLUT4 with an IC 50 of 1.07 Ϯ 0.1 M but was found to have almost no effect on the labeling of GLUT1 ( Fig. 3) .
Inhibition of HR-1 Labeling-HR-1 with its photolabel moiety Bpa was then used to label GLUT4 by substituting HR-1 for ATB-BMPA in the LDM labeling assay. Indinavir (IC 50 , 17.4 Ϯ 4 M) and D-glucose inhibited the labeling of GLUT4 with HR-1 ( Fig. 4) . CB had only a minor effect on HR-1 labeling of GLUT4, suggesting that the amino acid residues involved in peptide and CB binding are distinct. GLUT1 was not specifically labeled with HR-1 because the band in the no UV control was just as intense as those found in the other lanes of the GLUT1 blot ( Fig. 4) .
Construction of GLUT1/GLUT4 Chimeras-To determine the molecular basis of the isoform-selective inhibition of ATB-BMPA labeling by indinavir and HR-1, a series of GLUT1/ GLUT4 chimeric transporters were created and tested for PI and peptide binding. The chimeric transporters used are illustrated in Fig. 5 where GLUT1 sequence is shown in red and GLUT4 sequence is depicted in blue. Each transporter contains a Myc epitope in the first exofacial domain and a His 6 tag at the extreme carboxyl terminus. All chimeric transporters were stably expressed in HEK293 cells using retroviral expression to allow isolation of LDMs and assay of the ability of indinavir and HR-1 to alter ATB-BMPA photolabeling.
Inhibition of ATB-BMPA Photolabeling of GLUT1/GLUT4 Chimeric Transporters by Indinavir and HR-1-The first chimeric transporters analyzed were ones that exchanged the most divergent regions between GLUT1 and GLUT4, the cytoplasmic amino and carboxyl termini and the large endofacial loop. Chimera 1-444 contained the backbone of GLUT1 but the amino terminus, the large endofacial loop, and the carboxyl terminus of GLUT4. Chimera 4-111 had the opposite configuration. Wild type Myc-GLUT1-His and Myc-GLUT4-His transporters (subsequently, denoted as GLUT1 and GLUT4, respectively) were also expressed in HEK293 cells and used for comparison. Indinavir and HR-1 inhibited ATB-BMPA labeling of GLUT4 to a much higher degree relative to GLUT1 (Fig.  6 ). Inhibition by indinavir and HR-1 of ATB-BMPA labeling of CH 4-111 and CH 1-444 mimicked that observed for GLUT4 and GLUT1, respectively. CB inhibited ATB-BMPA labeling of all four constructs approximately the same. These data indicate that regions within the backbone of the transporter and not the amino terminus, the large central loop, or the carboxyl terminus are responsible for the isoform-selective inhibition of ATB-BMPA labeling by indinavir and HR-1.
The next two chimeras analyzed contained approximately half of each transporter isoform sequence at either the amino or carboxyl terminal domains. The 14-half chimera had the amino-terminal half of GLUT1 and the carboxyl-terminal half of GLUT4, and the 41-half chimera had the opposite configuration. Both chimeras contained GLUT1 sequence in the cytoplasmic amino terminus, the large endofacial loop, and the cytoplasmic carboxyl terminus. ATB-BMPA labeling inhibition by indinavir and HR-1 of the 14-half CH and the 41-half CH almost exactly mirrored the GLUT1 and GLUT4 results, respectively ( Fig. 7) . CB strongly inhibited ATB-BMPA labeling of the two half chimeras and the two wild type transporters to the same extent. These results indicate that the amino-terminal half of the transporter, excluding the cytoplasmic amino termi- All chimeras contain a Myc tag in the first exofacial domain and six histidines at the end of the carboxyl terminus. GLUT1 sequence is depicted in red, and GLUT4 sequence is in blue. The nomenclature for CH 1-444 and CH 4-111 is as follows: the first number indicates whether the backbone amino acids are derived from GLUT1 or GLUT4, and the last three numbers signify the origin of the amino-terminal, large endofacial central loop, and carboxylterminal domains. The 14-half CH has GLUT1 sequence in TMs 1-6 and connecting loops with GLUT4 sequence in TMs 7-12 and connecting loops. The 41-half CH has the opposite configuration. Both half chimeras contain GLUT1 sequence in the amino-terminal, large central loop, and carboxyl-terminal domains. The three G1-4 chimeras entirely comprise GLUT1 sequence except for GLUT4 sequence in the fourth helix, fifth helix, or linker domain connecting the fourth and fifth helices, respectively. The three G4-1 chimeras have the opposite configuration. nus and the large central loop, is responsible for the isoformselective inhibition by indinavir and HR-1. This region of the transporter is necessary and sufficient for the observed selectivity. These results are also consistent with our earlier observation that the amino acid side chains necessary for HR-1 and CB binding are distinct. Trp-388 and Trp-412 (GLUT1 amino acid numbering), which are important for CB binding, are both located within the carboxyl-terminal half of the transporter (29) .
As has been reported previously (30) and confirmed in our current study (Fig. 2) , D-glucose inhibits its transporter labeling with ATB-BMPA. This together with consideration of the structure of this photolabel led us to hypothesize that the binding site in our LDM assay resides within the putative aqueous pore of the transporter. We excluded helices 3 and 6 as important in isoform-selective inhibition because both the recently reported crystal structure of the Escherichia coli xylose transporter (XylE) (31) and previously published cysteine-scanning mutagenesis data from GLUT1 (32) indicate that these two he-lices are located outside the aqueous channel. Therefore, we elected to focus on further investigation of TM helices 4 and 5 together with the endofacial linker domain between these two TM regions. Three GLUT4 chimeras (G4-1) were constructed in which amino acid residues in the fourth helix, the 4-5 linker domain, and the fifth helix were changed to those found in GLUT1. Conversely, three GLUT1 chimeras (G1-4) were constructed in which amino acid residues in the same three regions were changed to GLUT4. ATB-BMPA labeling of the G4-1 chimeras ( Fig. 8A) demonstrates that changing the fourth helix, the 4-5 linker, or the fifth helix to GLUT1 had no effect on the inhibition by indinavir when compared with the GLUT4 results. Likewise, changing amino acids found in the fourth helix and the 4-5 linker of GLUT4 to those found in GLUT1 also had no effect on HR-1 inhibition when compared with GLUT4. However, changing amino acid residues in the fifth helix of GLUT4 to GLUT1 resulted in a loss of HR-1 inhibition of ATB-BMPA labeling similar to GLUT1. CB strongly inhibited ATB-BMPA binding in all three G4-1 chimeras to the same extent. Conversely, changing amino acids in the fourth helix and the 4-5 linker domain in GLUT1 to those in GLUT4 did not affect the inhibition of ATB-BMPA labeling by indinavir when compared with the results for GLUT1 ( Fig. 8B) . However, when the fifth helix of GLUT1 was changed to GLUT4, the inhibition by indinavir was in between the inhibition observed for GLUT1 and GLUT4. Inhibition by HR-1 for all three G1-4 chimeras mimicked GLUT1. As expected, CB strongly inhibited all three G1-4 chimeras to the same extent.
Based on the ATB-BMPA binding data, TM5 contains amino acid residues that contribute to the isoform-selective inhibition by indinavir and HR-1. The most dramatic amino acid change in the fifth helix between GLUT1 and GLUT4 is His-160 in GLUT1 that corresponds to Asn-176 in GLUT4 (Fig. 9A ). Histidine is a basic amino acid with a bulky imidazole ring. Aspar-agine is a neutral amino acid with a carboxamide side chain. Interestingly, both amino acids are immediately adjacent to a glutamine that is part of the glucose binding site (33) . Consequently, GLUT4 N176H and GLUT1 H160N were made to test the effect of exchanging these two amino acids in terms of the inhibition of ATB-BMPA labeling by indinavir and HR-1. Changing Asn-176 to His in GLUT4 resulted in the same inhibition of ATB-BMPA labeling by indinavir and HR-1 as was FIGURE 8 . The fifth helix of GLUT4 is critically important in the inhibition of ATB-BMPA labeling by indinavir and HR-1. A, ATB-BMPA photolabeling of GLUT4-1 mutants. The three G4-1 chimeras entirely comprise GLUT4 sequence except for GLUT1 sequence in the fourth helix, fifth helix, or linker domain connecting the fourth and fifth helices. 200 g of LDMs prepared from HEK293 cells overexpressing each of the three GLUT4-1 mutants was treated for 10 min at room temperature with 100 M indinavir (Ind), 5 M HR-1, 20 M CB, or the corresponding vehicle controls. ATB-BMPA photolabeling and subsequent analysis were carried out as described in Fig. 6 legend. GLUT4 and GLUT1 results are shown for comparison. *, p Ͻ 0.05 versus GLUT4 control. B, ATB-BMPA photolabeling of GLUT1-4 mutants. The three G1-4 chimeras entirely comprise GLUT1 sequence except for GLUT4 sequence in the fourth helix, fifth helix, or linker domain connecting the fourth and fifth helices. ATB-BMPA labeling and quantification were as described in A. ϩ, p Ͻ 0.05 versus GLUT1 control. Error bars represent S.E. Strep, streptavidin.
FIGURE 9. Transposition of histidine and asparagine in TM5 of GLUTs 1 and 4 influences the ability of indinavir and HR-1 to inhibit ATB-BMPA binding.
A, fifth helix sequence comparison between rat GLUT1 and rat GLUT4. Unique amino acids are shown in red. Glutamine, shown in blue, participates in glucose binding. B, ATB-BMPA photolabeling of GLUT4 N176H. 200 g of LDMs prepared from HEK293 cells overexpressing GLUT4 N176H was treated for 10 min at room temperature with 100 M indinavir (Ind), 5 M HR-1, 20 M CB, or the corresponding vehicle controls. ATB-BMPA photolabeling and subsequent analysis were carried out as described in Fig. 6 legend. GLUT4, GLUT1, and GLUT4-1 fifth helix results are shown for comparison. *, p Ͻ 0.05 versus GLUT4 control. C, ATB-BMPA photolabeling of GLUT1 H160N. ATB-BMPA labeling and quantification were as described in A. GLUT4, GLUT1, and GLUT1-4 fifth helix results are shown for comparison. ϩ, p Ͻ 0.05 versus GLUT1 control; #, p Ͻ 0.05 versus GLUT1-4 fifth helix. Error bars represent S.E. Strep, streptavidin.
observed when changing the whole fifth helix in GLUT4 to GLUT1, chimera GLUT4-1 5th helix (Fig. 9B) . Conversely, inhibition of ATB-BMPA labeling by indinavir and HR-1 of GLUT1 H160N was almost identical to that seen using the GLUT1-4 5th helix chimera (Fig. 9C ). The slight difference in the indinavir inhibition between GLUT1 H160N and the GLUT1-4 5th helix chimera suggests there may be additional amino acids in the fifth helix of GLUT1 other than His-160 that may also contribute to isoform-selective inhibition. As expected, CB strongly inhibited ATB-BMPA labeling of GLUT4 N176H and GLUT1 H160N. Overall, these results indicate that His-160 in GLUT1 and Asn-176 in GLUT4 are the major residues in the fifth helix that influence the ability of indinavir and HR-1 to inhibit ATB-BMPA labeling.
In addition to the fifth helix, the binding data indicate that there are other residues in the amino-terminal half of the transporter that are important in the isoform-selective inhibition by indinavir and HR-1. XylE and the 14 GLUT transporters are members of the major facilitator superfamily and share 20 -29% sequence identity including all of the GLUT signature motifs (31) . The helical packing is predicted to be very similar among these transporters. Based on the x-ray crystallographic structure of XylE, the carboxyl-terminal half of TM1 is situated between TM5 and TM4 in the glucose permeation pathway (31) . Amino acid residues in the carboxyl-terminal half of TM1 for GLUT1 and GLUT4 are identical except for Thr-30 in GLUT1 that corresponds to Ile-42 in GLUT4 (Fig. 10A ). This represents a nonconservative amino acid change from a nucleophilic residue, Thr, to a hydrophobic residue, Ile. Consequently, we tested whether the transposition of Thr/Ile in TM1 had an effect in terms of the inhibition of ATB-BMPA labeling by indinavir and HR-1 either alone or in combination with His/Asn in TM5. Changing Ile-42 to Thr in GLUT4 either alone or in combination with N176H did not significantly affect indinavir inhibition of ATB-BMPA labeling (Fig 10B) . HR-1 inhibition of ATB-BMPA labeling of GLUT4 I42T was decreased compared with that observed with GLUT4 and identical to that of GLUT1 in the GLUT4 I42T/N176H double mutation. CB strongly inhibited ATB-BMPA labeling of both GLUT4 I42T and GLUT4 I42T/N176H but less than that observed for GLUT4. Changing Thr-30 to Ile in GLUT1 increased the indinavir inhibition of ATB-BMPA labeling compared with GLUT1 to a higher degree than was observed when His-160 was changed to Asn in GLUT1 (Fig. 10C ). In conjunction with H160N mutation, changing Thr-30 to Ile in GLUT1 had an additive effect in terms of the inhibition of ATB-BMPA labeling by indinavir to a level indistinguishable with that seen for GLUT4. The T30I mutation in GLUT1 alone or in combination with H160N had little effect on HR-1 inhibition of ATB-BMPA labeling. CB inhibition of ATB-BMPA labeling of both GLUT1 T30I and GLUT1 T30I/H160N was statistically the same as GLUT1.
Inhibition of Chimeric Transporter Activity by Indinavir and Z-HFFe-The functional integrity of the chimeric transporters was assessed by measuring 2-DOG uptake. Initial uptake experiments were conducted in untransfected 293 cells and 293 cells expressing GLUT4, GLUT1, and the two inactive GLUT4 mutants, E409D and P401L (Fig 11A) . 2-DOG uptake in cells expressing either E409D or P401L was only slightly higher than that of untransfected 293 cells. The difference in uptake is due to residual activity of the mutant transporters and/or a retrovirus-induced increase in endogenous transporter activity. Indinavir inhibited uptake ϳ30% in each of these three cell lines. 2-DOG uptake in cells expressing GLUT4 or GLUT1 was between 2.5-and 3-fold higher than that of untransfected cells
FIGURE 10. Transposition of threonine and isoleucine in TM1 of GLUT1s 1 and 4 influences the ability of indinavir and HR-1 to inhibit ATB-BMPA binding.
A, first helix sequence comparison between rat GLUT1 and rat GLUT4. Unique amino acids are shown in red. Phenylalanine, shown in blue, participates in the delimitation of the glucose binding site. B, ATB-BMPA photolabeling of GLUT4 I42T and GLUT4 I42T/N176H. 200 g LDMs prepared from HEK293 cells overexpressing GLUT4 I42T and GLUT4 I42T/N176H was treated for 10 min at room temperature with 100 M indinavir (Ind), 5 M HR-1, 20 M CB, or the corresponding vehicle controls. ATB-BMPA photolabeling and subsequent analysis were carried out as described in Fig. 6 legend. GLUT4, GLUT1, and GLUT4 N176H results are shown for comparison. *, p Ͻ 0.05 versus GLUT4 control. C, ATB-BMPA photolabeling of GLUT1 T30I and GLUT1 T30I/H160N. ATB-BMPA labeling and quantification were as described in A. GLUT4, GLUT1, and GLUT1 H160N results are shown for comparison. ϩ, p Ͻ 0.05 versus GLUT1 control. Error bars represent S.E.
Selective GLUT4 Blockade
or cells expressing E409D or P401L. Indinavir inhibited 2-DOG uptake 55% in GLUT4 cells and had little effect in GLUT1 cells. To allow assessment of the specific effect of indinavir on exogenously expressed transporters, 2-DOG uptake values of the P401L cell line were used to approximate the contribution of the endogenous transporters and any virus-induced effects. Changing proline to leucine is a dramatic change of an important amino acid residue that is likely to totally abolish transport activity. The transport activity of the exogenously expressed protein after subtraction of 2-DOG uptake values of the P401L GLUT4-expressing cells (control and indinavir) are shown in Fig 11B. Both GLUT4 and GLUT1 were functionally active in terms of 2-DOG uptake. Indinavir inhibited GLUT4 transporter activity ϳ65-70% but had essentially no effect on GLUT1.
Uptake of 2-DOG was then assessed in 293 cells expressing each of the different GLUT1/GLUT4 chimeric transporters generated. Chimeric uptake after subtracting the P401L uptake values are shown in Tables 1 and 2. The levels of expression of CH 1-444, GLUT4 I42T, and GLUT4 I42T/N176H were the lowest of the exogenous transporters ( Fig 11C) . Although the levels of expression of these particular transporters were high enough for the LDM ATB-BMPA binding assay, the expression at the PM was too low for activity measurements. Sorting cells expressing these transporters using a Myc antibody that recognized the Myc epitope inserted into the first exofacial loop of the transporters still failed to increase 2-DOG uptake above background. In addition to expression, targeting of the exogenous transporter may influence uptake. We have shown previously in 3T3-L1 adipocytes that indinavir does not acutely alter insulin signaling or cell surface transporter levels (4) . HEK293 cells are not responsive to acute insulin in terms of 2-DOG uptake 3 ; therefore, targeting effects due to brief exposure (6 min) to indinavir seem unlikely. It is possible, however, that these particular transporters are specifically targeted after synthesis to an intracellular compartment that fails to recycle with the PM, resulting in negligible uptake above background. Nevertheless, transport activity for all other transporters was significantly above the P401L control, demonstrating that the other chimeric GLUTs were functionally active. In terms of indinavir inhibition, the normalized 2-DOG uptake results were very similar to the normalized ATB-BMPA binding results (Table 1) . Indinavir inhibition of CH 4-111, 41-half CH, the three G4-1 chimeric transporters, and GLUT4 N176H was very similar to that observed for GLUT4, and the indinavir inhibition of 14-half CH, G1-4 4th helix, and G1-4 4-5 linker transporters was very similar to that observed for GLUT1 for both 2-DOG uptake and ATB-BMPA binding. The two exceptions in which the uptake results differed from the binding results were for G1-4 5th helix and GLUT1 H160N. Indinavir inhibition of ATB-BMPA labeling of both of these transporters was in between that observed for GLUT1 and GLUT4, whereas the indinavir inhibition of 2-DOG uptake was similar to that of GLUT1. Uptake and binding results in terms of indinavir inhibition were also very similar for GLUT1 T30I and GLUT1 T30I/ H160N. Most importantly, changing Thr-30 to Ile and His-160 to Asn in GLUT1 completely transforms GLUT1 into GLUT4 in terms of indinavir inhibition of 2-DOG uptake and ATB-BMPA.
HR-1 could not be used to inhibit 2-DOG uptake because our earlier results suggested that HR-1 cannot cross the PM (Fig. 1) . Therefore, we used the membrane-permeable peptide Z-HFFe. The inhibition of chimeric uptake by Z-HFFe after subtracting the P401L uptake values are shown in Table 2 . In all cases, the inhibition of 2-DOG uptake by Z-HFFe was very similar in terms of percentage of control and isoform selectivity to the indinavir uptake results. Inhibition of 2-DOG uptake by Z-HFFe was also very similar to the HR-1 inhibition of ATB-BMPA binding for most of the chimeric transporters. The exceptions were G4-1 5th helix and GLUT4 N176H in which Z-HFFe inhibition of 2-DOG uptake was similar to that observed with GLUT4, but HR-1 inhibition of ATB-BMPA binding was similar to that of GLUT1. In addition, inhibition of uptake by Z-HFFe was greater than the inhibition of ATB-BMPA binding by HR-1 for both GLUT1 T30I and GLUT1 T30I/H160N. Similar to the indinavir inhibition of 2-DOG uptake, changing Thr-30 to Ile and His-160 to Asn in GLUT1 completely transforms GLUT1 into GLUT4 in terms of inhibition of 2-DOG uptake by Z-HFFe.
Homology Modeling of the PI Binding Site in GLUT4-The above ATB-BMPA binding and 2-DOG uptake studies pro-vided a basis to investigate in more detail amino acid residues within the aqueous glucose permeation pathway of GLUT4 that contribute to indinavir binding. Using the known x-ray structures of XylE (34) and Staphylococcus epidermidis glucose/H ϩ symporter (35) and established modeling algorithms, we generated a homology model of GLUT4 in an inward facing conformation and performed in silico binding analysis of indinavir in multiple orientations. GLUT4 Asn-176 consistently showed ability to interact with indinavir via hydrogen bonding (Fig. 12 ). Whereas GLUT4 Ile-42 did not appear to contribute directly to PI binding, it did delineate the indinavir binding pocket.
TABLE 1
Comparison of indinavir inhibition of 2-DOG uptake and ATB-BMPA binding 2-DOG uptake and ATB-BMPA binding were measured as described under "Experimental Procedures." Results shown in bold face text highlight key differences in labeling and transport activity between wild-type and chimeric transporters.
Although this model supports the involvement of TM helices 1 and 5 in the binding of indinavir to GLUT4 within the glucose permeation pathway, several additional amino acid residues within the boundaries of this aqueous channel, some of which are reportedly involved in glucose binding, are also seen as candidates for potentially influencing drug binding. Thus, despite the limitations of modeling a system that undergoes significant conformation changes, this model is consistent with the current photolabeling data and provides novel insight into the molecular basis for the selective ability of indinavir to influence the intrinsic activity of GLUT4.
DISCUSSION
Identification of the structural features in GLUTs 1 and 4 that confer resistance and susceptibility to drug inhibition holds great promise for developing pharmacologic strategies to selectively target these glucose transporter isoforms. The current data identify a structural basis for the observed selectivity of indinavir to inhibit GLUT4 over GLUT1. Specifically, two amino acid residues in GLUT1 (Thr-30 and His-160) appear to hinder access to a binding pocket located within the central aqueous glucose permeation pathway. The observed differences in the affinities of indinavir and HR-1 to GLUT4 over GLUT1 are consistent with the results of Hellwig and Joost (36) who previously demonstrated similar differences in the binding of inhibitory ligands CB, forskolin, dipyridamole, and isobutylmethylxanthine for GLUTs 1, 2, and 4. These authors speculated that observed differences arise from the interaction of these compounds at distinct protein binding sites. As ATB-BMPA is a bismannose derivative that competes with glucose for binding presumably within the aqueous channel of the transporter, it is not surprising that the TM region is important in isoform-selective inhibition. Identification of aqueous accessible amino acid residues that presumably line this channel has been made through the use of cysteine-scanning mutagenesis of GLUT1 heterologously expressed in Xenopus oocytes (32) . In those experiments, the engineered cysteine residues were labeled from the exofacial side of the plasma membrane. Labeling of the transporter in an inverted orientation relative to the plasma membrane provides support for the accessibility of these domains from the cytosolic surface of the transporter. Photolabeling of GLUT1 with the transportable diazirine glucose analog 3-deoxy-3,3-azi-D-glucopyranose identified labeled amino acids within both amino-and carboxyl-terminal transporter domains. Interestingly, this included both TM segments 4 and 5 (37) .
Comparison of ATB-BMPA binding and 2-DOG uptake data in our current study demonstrates that changing Thr-30 to Ile and His-160 to Asn in GLUT1 is sufficient to transform GLUT1 into GLUT4 in terms of susceptibility to PI-mediated inhibition. Like GLUT1, GLUT3 has a Thr residue in the corresponding location in TM1, but like GLUT4, it has an Asn residue in the corresponding location in TM5. Interestingly, we have observed indinavir inhibition of ATB-BMPA labeling of GLUT3 in between that observed for GLUT4 and GLUT1 (data not shown). Changing PI susceptibility of GLUT1 into that of GLUT4 was easier than the converse experiment. The observed effects of changing Thr-30 to Ile and His-160 to Asn in GLUT1 can be caused either by direct disruption of the PI binding site or modulation of access to this site. If these mutations affected the binding site directly, then performing the converse experiment (i.e. changing Ile-42 to Thr and Asn-176 to His in GLUT4) should result in a dramatic decrease in the inhibition of ATB-BMPA labeling by indinavir. However, there was very little difference in the indinavir susceptibility of ATB-BMPA labeling between GLUT4 and GLUT4 I42T/N176H, suggesting that access to the PI binding site is altered with indinavir having greater access to the PI binding site of GLUT4 compared with that of GLUT1. The side chains of the amino acid residues that line the glucose permeation pathway along with conformational changes by the transporters themselves most likely control access to the drug binding domain. Mutating two amino acids in GLUT1 to GLUT4 like T30I and H160N might increase access, allowing a small molecule like indinavir to inhibit ATB-BMPA labeling to the same extent as observed for GLUT4. The converse experiment, reducing access to the PI binding site of GLUT4, might require more than just two mutational changes to hinder access of a small inhibitor like indinavir. Converting GLUT1 into GLUT4 using the T30I and H160N double muta- tion was also observed by the Z-HFFe inhibition of 2-DOG uptake but not with the HR-1 inhibition of ATB-BMPA binding. We speculate that the difference between the Z-HFFe and HR-1 results are primarily due to the difference in size between these two peptides. Z-HFFe and indinavir are similar in size. Interestingly, 2-DOG uptake of all of the chimeric transporters was inhibited by indinavir and Z-HFFe to approximately the same degree. By converting Asn-176 in GLUT4 to His, the inhibition of ATB-BMPA labeling by HR-1 is decreased to the level observed for GLUT1. Indinavir, because of its smaller size, however, can still inhibit ATB-BMPA binding to the same degree as that for GLUT4. Using this same reasoning, substitution of His-160 in GLUT1 to Asn increases accessibility, thereby allowing indinavir but not HR-1 to inhibit ATB-BMPA labeling to a greater extent. These steric influences may at least partially account for the differences observed in the inhibitory potential of different PIs in clinical use. For example, atazanavir, which contains an additional pyridine ring, is known to be a less potent inhibitor of GLUT4 (5) .
Overall, the binding experiments appear to be more sensitive than the use of 2-DOG uptake in terms of the detection of subtle changes in the indinavir inhibition. Mutating His-160 to Asn in GLUT1 increased the inhibition of ATB-BMPA labeling but not the inhibition of 2-DOG uptake by indinavir. It was only when the indinavir inhibition of ATB-BMPA labeling increased to a level near that of GLUT4 (GLUT1 T30I and GLUT1 T30I/ H160N) that the 2-DOG uptake results mirrored the ATB-BMPA binding results in terms of indinavir inhibition.
Changing Thr-30 to Ile in GLUT1 resulted in a more dramatic alteration in the indinavir inhibition of ATB-BMPA labeling and 2-DOG uptake than mutating His-160 to Asn. Indinavir is not the only compound whose binding to a glucose transporter is affected by the T30I transposition. A pyridylanilinothiazole (STF-31) has recently been shown to specifically target glucose transport through GLUT1 but not GLUT2 in renal cell carcinomas that lack the von Hippel-Lindau tumor suppressor gene resulting in chemical-induced lethality (38) . Interestingly, docking of STF-31 to a molecular model of GLUT1showed that Tyr-292, Thr-30, and Thr-295 interact with several moieties of STF-31 (39) . Of these amino acids, only Thr-30 is not conserved in GLUT2, an isoform resistant to STF-31. Like GLUT4, GLUT2 is also susceptible to inhibition with indinavir and has an Ile residue corresponding to Thr-30 in GLUT1 (6) .
Analysis of the x-ray structure of XylE bound with D-glucose revealed several amino acid residues within the transmembrane permeation pore including Glu-168 (Glu-161 in GLUT1 and Glu-177 in GLUT4) that form hydrogen bonds with the hydroxyl groups of D-glucose (31) . ATB-BMPA is a bismannose derivative that can label GLUTs in a D-glucose-inhibitable manner (Fig. 2) . Indinavir is a competitive inhibitor of cytoplasmic ATB-BMPA binding. Therefore, it is not unexpected that indinavir would dock within the glucose permeation channel of GLUT4 in close proximity to amino acid residues that participate in glucose binding.
As noted earlier, GLUT1 mutant P385I (P401I in GLUT4) and GLUT4 mutant E409D appear to be locked in an inward facing conformation (27, 28) . Interestingly, the recent crystal-lographic study of XylE has revealed that the corresponding residue of Glu-409 participates in a salt bridge in the partially occluded outward facing conformation and possibly in the partially occluded inward facing conformation (34) . This salt bridge is absent when the transporter is in the inward facing conformation. Changing Glu-409 to Asp presumably inhibits salt bridge formation and locks the transporter in an inward facing conformation. The fact that ATB-BMPA labeling of GLUT4 E409D in LDMs is strong and inhibited dramatically with indinavir, D-glucose, and CB indicates that ATB-BMPA can label the transporter from the cytoplasmic side.
A naturally occurring mutation changing the corresponding residue of Pro-401 in GLUT2 to Leu is an inactivating mutation associated with Fanconi-Bickel syndrome (40) . In our study, this same mutation in GLUT4 resulted in robust ATB-BMPA labeling of GLUT4 in LDMs that was sensitive to indinavir and D-glucose inhibition but with impaired CB inhibition compared with the GLUT4 E409D results. It is not surprising that the inhibition of ATB-BMPA labeling with CB is altered because Trp-404 in GLUT4, an amino acid that is vital to CB transporter binding, is located only three residues from Pro-401 (29) . In addition, changing Pro-401 to Leu/Ile is a dramatic change that reduces the flexibility in helix 10, which is critical for transporter function. The kinking of helix 10 due to prolines 383, 385, and 387 along with glycines 382 and 384 is necessary for the conformational changes that occur during the transition from exofacial to endofacial (or vice versa) glucose binding (34) . It was observed that changing the corresponding residue of Pro-401 in GLUT1 to glycine, which still allows conformational flexibility, resulted in a milder effect (27) . The fact that inhibition of ATB-BMPA labeling in the GLUT4 P401L mutant is much greater with indinavir than CB is again consistent with our observation that the amino acid side chains directly involved in indinavir/HR-1 and CB binding are distinct. Our CB results for this mutant differ from the original study that reported that changing the corresponding residue of Pro-401 in GLUT1 to Ile resulted in negligible transporter activity and exofacial ATB-BMPA labeling but normal CB binding (27) . It seems unlikely that the difference between Ile and Leu, a very conservative change, or the difference in transporter isoform (GLUT1 versus GLUT4) would explain the difference with the CB results. The earlier study measured the binding of [ 3 H]CB to GLUT1 P385I (corresponds to GLUT4 P401I) directly, whereas we measured the inhibition of ATB-BMPA labeling by CB. One possibility is that if the amount of [ 3 H]CB used in the original binding study was at saturation a reduction in the affinity in CB binding by changing P401I may not be observed. In our current study, CB still inhibits ATB-BMPA labeling but not as efficiently, indicating that CB does bind to some extent to GLUT4 P401L. Binding of CB to GLUT4 P401L in our study may be further reduced because CB and ATB-BMPA are both competing for transporter binding. In any case, the GLUT4 P401L results further support the conclusion that ATB-BMPA can label GLUTs from the endofacial transporter surface.
Although the current study is directed toward characterizing the effects of the first generation PI indinavir and peptides containing similar structural features, these results can be used as a framework for investigating a wide array of existing and new drugs for their ability to target these two transporters. Although several of the reported drugs or compounds discussed above such as indinavir and forskolin are selective for GLUT4 over GLUT1, GLUT1 is much more sensitive to inhibition by STF-31 (38) and pentobarbital (41) compared with other GLUTs, suggesting that it may be possible to identify isoformselective antagonists for many of the GLUT isoforms. Similar to the success in rationally designing the PIs based upon detailed knowledge of the crystal structure of the HIV-1 protease, any advance in determining the tertiary structure of the GLUTs will aid efforts to similarly target the glucose transporters. Selective GLUT antagonists may prove useful as tools to determine the functional role of these proteins in diseases like GLUT1 deficiency syndrome that are caused or contributed by defective glucose transport and to develop novel treatment strategies (42) . As recently shown for multiple myeloma (43) , targeted disruption of transport may also be useful in treating tumors that depend upon glucose metabolism.
Taken together, characterization of the relative abilities of indinavir, Z-HFFe, and HR-1 to block ATB-BMPA binding and 2-DOG uptake of GLUT1/GLUT4 chimeric transporters identified Thr-30 and His-160 in GLUT1 as amino acid residues that interfere with the ability of PIs to interact with GLUTs and further confirms that the determinants of CB and PI binding are distinct. Our novel use of ATB-BMPA in photolabeling the transporter in an inverted orientation relative to the plasma membrane should prove useful in future studies directed toward probing the cytosolic portion of the glucose permeation pathway. With further advances in the determination of GLUT tertiary structure, these data can serve as a framework for the rational design of isoform-selective glucose transport antagonists and newer PIs that do not contribute to the development of insulin resistance in treated patients.
